Developmental stage of rat mammary gland at the time of estrogen exposure determines whether the exposure increases or reduces later breast cancer risk. For example, in utero exposure to 17b-estradiol (E2) increases, whereas prepubertal exposure to this hormone decreases susceptibility of developing carcinogen-induced mammary tumors. E2 mediates its actions by interacting with caveolin-1 (CAV1), a putative tumor suppressor gene in breast cancer. Mammary tissues from 2-month-old rats exposed to E2 in utero contained decreased levels of CAV1, whereas prepubertal E2 exposure increased the levels, when compared to vehicle controls. Low CAV1 expression was associated with increased cell proliferation and estrogen receptor a expression, and reduced apoptosis in the mammary glands of rats exposed to E2 in utero. In contrast, high CAV1 expression correlated with reduced cell proliferation and cyclin D1 and phospho-Akt levels, and increased apoptosis in the mammary glands of rats exposed to E2 during prepuberty. In support of the role of CAV1 as a negative regulator of a variety of pro-growth signaling proteins, we detected decreased levels of Src and ErbB2 in rats exposed to E2 during prepuberty. Thus, estrogen exposure during mammary gland development affects the expression and function of CAV1 in a manner consistent with observed changes in susceptibility to mammary tumorigenesis.
Introduction
Age at the time when an exposure to estrogenic compounds occurs determines how they alter susceptibility to breast cancer (1) . Evidence from human studies has revealed that proxies of estrogenic stimuli in utero and before puberty onset are associated with later susceptibility to develop breast cancer (2) (3) (4) (5) . Findings obtained in animal models are supportive of the human data and show that in utero exposure to 17b-estradiol (E2) increases, whereas an exposure during prepuberty decreases mammary cancer risk in rats (6, 7) . Exposures to E2 in utero or during prepuberty alter mammary gland morphology by either increasing or decreasing, respectively, the presence of terminal end buds (TEBs), structures that (i) contain the highest number of estrogen receptor a (ERa) and proliferating cells (8) , and (ii) convert to malignant tumors upon exposure to a carcinogen (9) . Early life estrogenic exposures can thus affect later breast cancer risk by altering mammary gland morphology, and perhaps genes related to cell proliferation and differentiation. Other changes caused by early life exposures to E2 have not been investigated besides alterations in ERa.
E2 mediates its functions by binding to nuclear ERa and ERb followed by transactivation of target genes (10, 11) . Early life estrogenic exposures have been reported to affect ERa protein levels or binding sites in the mammary gland (12) , suggesting that their effects on breast cancer risk can involve alterations in these receptors. In addition to the nuclear estrogen receptors, membrane bound receptors can be important for breast cancer development. It was recently proposed that constitutive activation of membrane ERa participates in transformation of normal mammary cells to malignancy as a consequence of downregulation of caveolin-1 (CAV1) (13) . CAV1, a 20-22 kDa protein that was originally identified as a tyrosine phosphorylated protein in Rous sarcoma virus-transformed fibroblasts (14) , is a scaffolding protein that forms cholesterol-and sphingolipid-rich omegashaped vesicles called caveolae at the plasma membrane. There are two isoforms of CAV1, the a and b forms that result from alternative splicing from a single gene (15) . CAV1 is abundantly expressed in differentiated cells, such as adipocytes, endothelial cells and muscle cells, and are involved in various functions including cholesterol trafficking, vesicle transport and signal transduction (16) . Low levels of CAV1 in human mammary gland stroma are specifically associated with early disease progression to invasive breast cancer (17) . ERa expressed at the plasma membrane interacts and regulates the expression of CAV1 in epithelial breast cancer cells (18) . CAV1 can sequester and regulate the function of various proteins involved in breast cancer, such as Src, eNOS, H-Ras and EGF-R (19, 20) .
The role of CAV1 in cancer remains to be determined: whereas some studies indicate CAV1 to be a tumor suppressor (21, 22) , others relate high CAV1 expression levels to invasive phenotype in some tumors (23) (24) (25) . Here we investigated whether in utero E2 exposure that increases later mammary tumorigenesis (7), or prepubertal E2 exposure that provides a strong protection against breast cancer (6), might alter CAV1 expression and function. We found that CAV1 was differentially expressed in the rat mammary gland in response to early life E2 exposures: the levels were reduced in 2-month-old rats following in utero exposure and increased following prepubertal exposure, supporting the role of CAV1 as a tumor suppressor. In addition, protein levels of activated Src, ErbB2 and Akt, as well as cell proliferation and apoptosis were affected consistently with the changes in CAV1 expression. These findings provide novel insights into the signaling mechanism of in utero or prepubertal estrogenic exposures in increasing or reducing, respectively, the susceptibility to develop breast cancer.
Materials and methods

Animals and estrogen exposure
Female Sprague-Dawley rats (Charles River Laboratories) were purchased on day 10 of gestation. The animals were housed singly and were fed AIN93G semi-purified laboratory chow. Two days after the offspring were born, the females were crossfostered, weaned on postnatal day 22 and thereafter housed in groups of 3-5 animals. For the in utero treatment group, pregnant rats (on gestation day 10) and for the prepubertal group, rat pups (on postnatal day 7) received either 10 mg E2 (Sigma Chemical Co., St. Louis, MO, USA) or vehicle (peanut oil), administered as s.c. injections in a volume of 0.05 mL. The injections were repeated daily between gestation days 11 and 20 or postnatal days 8 and 20. Animals were sacrificed at 3 weeks (ns6-7/group) and at 8 weeks of age (ns6-7/group). Fourth abdominal mammary glands were collected to study changes in protein expression, cell proliferation and apoptosis.
Western blot analyses
Mammary gland tissue samples were homogenized in standard RIPA buffer containing protease inhibitor mixture (Sigma). Protein concentration was estimated using the BCA Protein Assay (Pierce, IL, USA) and equal protein amounts were subjected to Western blot analysis (A) using specific antibody to CAV1 (BD Transduction Laboratories, San Jose, CA, USA). The equivalences of loading and transfer were checked by reprobing with b-actin (Sigma) antibody and the density of bands were quantified/measured using Scion Image (National Institutes of Health). The relative expression levels of proteins here and elsewhere were determined by dividing the band intensities of the protein by the respective band densities of b-actin for each sample group and the mean ratios were plotted.
Immunohistochemistry
Formalin-fixed tissue sections (5 mm) obtained from five rats per group were deparaffinized in xylene, hydrated through graded alcohols and incubated with 3% H 2 O 2 for 10 min to block endogenous peroxidases to assess the expression of CAV1. Non-specific binding was blocked with normal rabbit serum from the Vectastain Elite ABC Kit (Vector Laboratories, Inc, Burlingame, CA, USA) for 20 min, blocked, incubated with CAV1 antibody (1:200) (BD Biosciences, Mountain View, CA, USA) washed, treated with biotinylated goat anti-serum to mouse IgG followed by incubation with streptavidin-peroxidase conjugate (Dako Cytomation, The Ark Kit, Carpinteria, CA, USA). Antigen-antibody complexes were visualized by 393-diaminobezidine and counterstained with hematoxylin stain, dehydrated and mounted. Control slide was incubated with normal mouse serum. Cell proliferation was assessed using proliferating cell nuclear antigen (PCNA). Tissue sections were incubated overnight with the primary antibody against PCNA (Santa Cruz Biotechnology, Inc, CA, USA). After several washes, sections were treated with the secondary antibody (biotinylated anti-goat IgG from the Vectastain Elite ABC Kit; Vector Laboratories, Inc) for 30 min, followed by treatment with avidin and biotinylated horseradish peroxidase complex from the Vectastain Elite ABC Kit (Vector Laboratories, Inc) for 30 min at room temperature. Sections were washed and stained with 3,39-diaminobenzidine (Vector Laboratories, Inc) for 1 min, washed and counterstained with Vector's Hematoxylin QS Nuclear Counterstain (Vector Laboratories, Inc) for 45 s. Proliferation index was determined by calculating the percentage of cells that had positive PCNA staining (only dark stained cells were counted) in 1000 cells per mammary gland section. Slides were blindly evaluated with the aid of Metamorph software.
TUNEL staining
For paraffin embedded sections, five rats per group were used to measure apoptosis with the ApopTag Kit (Serologicals Corporation, Norcross, GA, USA) following the manufacturer's protocol. Sections were deparaffinized and rehydrated in a series of graded alcohols followed by pretreatment with 20 mg/mL of Proteinase K for 15 min. Endogenous peroxidases were quenched with 3% H 2 O 2 for 5 min. Sections were washed with equilibration buffer and incubated with the terminal deoxynucleotidyl transferase TdT enzyme. The reaction was stopped and the sections were incubated with a digoxigenin peroxidase conjugate. Sections were washed, incubated with the peroxidase substrate for 6 min, rewashed and counterstained with 0.5% methyl green (Vector Laboratories, Inc) for 10 min, and finally washed in water followed by washes in 100% butanol, dehydrated. Staining in 1000 ductal, 1000 lobuloalveolar and 1000 TEB cells were counted. Apoptotic index was determined by calculating the percentage of cells that were apoptotic through both positive staining and histological evaluation. Slides were blindly evaluated by two independent investigators.
Statistical analyses
The data obtained for Western blots, PCNA staining and TUNEL staining were analyzed with SigmaStat software using two-way analysis of variance (ANOVA), with age and treatment as independent variables. In addition, PCNA and TUNEL staining in 8-week-old rats exposed to E2 (a) in utero were also analyzed using two-way ANOVA, with epithelial structure and treatment as independent variables, and (b) prepubertally were analyzed using the ttest. Where appropriate, between-group comparisons were done using Tukey's multiple comparisons test. The differences were considered significant if the p-value was -0.05. All probabilities were two-tailed. 
Results
Exposure to E2 in utero or during prepuberty results in differential expression CAV1 in the mammary gland
To investigate the correlation between CAV1 expression and early life estrogen exposure, we obtained protein samples from the 4th abdominal mammary glands of 3-(day 21) or 8-week-old (day 50) Sprague-Dawley rats that were exposed to 17-b estradiol (E2) in utero or during prepuberty. In utero exposed rats were treated daily with 10 mg E2 via s.c. injections through a pregnant dam between gestation days 10-20, and prepubertally exposed rats were given 10 mg E2 daily between postnatal days 7 and 20. E2 was dissolved in peanut oil and thus the control animals received oil-vehicle treatment.
CAV1 expression was detected mainly in the myoepithelial cells and to a much lesser extent in other types of epithelial cells of the mammary gland ( Figure 1 ). In addition, CAV1 was expressed in the stromal cells and adipose cells. Total CAV1 expression in the mammary gland was quantified by Western blotting and subsequent densitometric analyses ( Figure 2A ). Using two-way ANOVA, with treatment and time as independent variables, the expression level of CAV1 in the mammary glands of in utero as well as prepubertal rats showed significant differences from the control rats at both 3 and 8 weeks ( Figure 2B ). At 3 weeks of age, the mammary glands of rats treated with E2 in utero showed increased CAV1 expression in comparison to control rats (ps0.03) or rats treated with E2 during prepuberty (ps0.007). At 8 weeks, rats treated with E2 during prepuberty showed increased CAV1 expression compared to control rats (ps0.04) or in utero E2 exposed rats (ps0.003), whereas rats treated with E2 in utero showed decreased (ps0.04) CAV1 expression compared to controls.
ERa and cyclin D1 protein expression levels are modified by E2 exposure
Findings of cell culture studies indicate that disruption of CAV1 expression is one of the mechanisms by which an increase in ERa expression and activation contributes to breast tumorigenesis (13) . However, the physiological relevance of the correlation between CAV1 and ERa in breast development and tumorigenesis remains unknown. In our rat model, the levels of ERa were significantly higher in the mammary glands of 8-week-old rats treated with E2 in utero than in the controls (ps0.04) or rats treated with E2 during prepuberty (ps0.025) ( Figure 2C ). Prepubertal E2 exposure tended to reduce the expression, but the data did not reach significance.
Upon E2 stimulation, expression of cyclin D1, an important regulator of cell transformation, can occur via the nongenomic pathways (26) . Moreover, expression levels of cyclin D1 inversely correlate with CAV1 expression in transformed cells (27) . In our rat model, expression level of cyclin D1 was significantly altered in the mammary of animals treated with E2 during prepuberty, but the direction of the change was different at 3 weeks (before puberty onset) and at 8 weeks ( Figure 2D ). The expression level of cyclin D1 at 3 weeks was significantly higher in the animals treated with E2 during prepuberty than in the controls (ps0.004) or in utero E2 treated rats (ps0.004), but at 8 weeks of age significantly lower (ps0.002) compared to controls. Because CAV1 expression in these rats followed a similar pattern, i.e., it was reduced at 3 weeks and increased at 8 weeks, our findings are consistent with the inversed association reported between cyclin D1 and CAV1 expression. Levels of cyclin D1 levels in the in utero samples at 8 weeks compared to control were not significant.
Activation levels of progrowth signaling proteins are altered in response to E2 exposure CAV1 interacts with various essential signaling proteins that reside within caveolae through its scaffolding domain and is generally known to negatively regulate their function (19, 28) . To examine whether the differential expression of CAV1 upon E2 exposure in utero or during prepuberty had an effect on the activation of essential progrowth signaling proteins in the mammary gland, we examined the expression levels of phospho-(Y1139)ErbB2, phospho-(Y418)Src and phospho- Figure 2E-H) . The relative level of phospho-(Y1139)ErbB2, in the mammary gland tissues of rats exposed to estradiol in utero, from both 3 and 8 weeks, were similar to that of the control rats, respectively, suggesting that this kinase was not affected by reduced CAV1 expression and might not be involved in affecting the increased risk of breast cancer following in utero estradiol treatment ( Figure 2E) . However, the level of phospho-(Y1139)ErbB2 in mammary gland tissue of animals treated with estradiol during prepuberty and sacrificed at 8 weeks of age was significantly reduced (ps0.04). Reduced expression of ErbB2 could thus be associated with reducing breast cancer risk in mammary glands of rats exposed to E2 during prepuberty.
Next, we examined the activation of Src, Akt and ERK1/2 ( Figure 2F-H) that are essential in estrogen-mediated signaling in cultured cells and have been reported to interact with or are regulated by CAV1 (29) (30) (31) (32) (33) . Levels of phospho-(Y418)Src were significantly increased (ps0.012) in the mammary gland of 8-week-old rats treated with E2 in utero, whereas they were decreased (ps0.01) in the mammary glands of animals exposed to E2 during prepuberty compared to the control rats. Before puberty onset at 3 weeks of age, the level of phospho-(S473)Akt was significantly higher (p-0.01) in the mammary glands of animals exposed to E2 in utero or prepuberty than in the control rats. At 8 weeks of age, Akt activation was decreased in the mammary glands of prepubertally E2 exposed rats (ps0.02). There were no differences in the levels of phospho-(T 185 Y 187 )ERK1/2 mammary glands of rats at 3 weeks for all treatment groups or at 8 weeks between the in utero and control rats ( Figure 2H ). However, there was a significant increase in ERK1/2 activation in mammary tissue of rats exposed to E2 prepubertally at 8 weeks compared to control rats (p-0.05) or to rats treated with E2 in utero. The expression level of total ErbB2, Src, Akt and ERK1/2 were not significantly altered (data not shown).
Cell proliferation and apoptosis are modified by E2 exposure
Increased cell proliferation plays a key role in affecting susceptibility to breast cancer. Several studies have shown that CAV1 plays a critical role in the regulation of cell proliferation by inhibiting signaling molecules activating cell cycle (34) (35) (36) . Cell proliferation was determined by measuring PCNA staining (37) and apoptosis was measured by TUNEL assay. The numbers of proliferating and apoptotic cells were counted separately in the TEBs, lobuloalveolar structures and ducts in the in utero exposed rats. In the rats that were exposed to prepubertal treatments, PCNA stain and apoptotic cells were counted in the lobuloalveolar structures and ducts only, because no TEBs were present in the blocks obtained from the E2 exposed rats.
In utero exposure to E2 significantly increased the number of cells that stained positive for PCNA ( Figure 3A) . The increase was seen in the TEBs but not in the ducts or lobuloalveolar structures. In addition to the differences between the treatments, the level of cell proliferation was higher in the lobuloalveolar structures than in the ducts. Prepubertal E2 exposure reduced the number of cells that stained positive for PCNA ( Figure 3B ). In contrast, the level of apoptosis was reduced in all three epithelial structures studied, but particularly in the TEBs in the in utero E2 exposed rats ( Figure  4A ): there were no apoptotic cells observed in the TEBs of these rats. The proportion of apoptotic cells was significantly higher in the prepubertally E2 exposed rat mammary glands, when compared to the vehicle treated control group ( Figure  4B ).
Discussion
Function of CAV1 is strictly tumor-specific and CAV1 expression levels are downregulated in ovarian, lung and mammary carcinomas but upregulated in bladder, esophagus, thyroid and prostate carcinomas (24) . During normal mammary gland development, CAV1 can function to regulate pro- liferation: CAV1 knockout mice display mammary gland hyperplasia within 6 weeks of age (38) . Consistent with the concept that CAV1 functions as a tumor suppressor in a normal mammary gland, expression of CAV1 was reduced in the mammary glands of rats exposed to E2 in utero ( Figure  2A ) and these rats exhibit increased mammary tumorigenesis (7) . CAV1 expression was elevated in prepubertally E2 exposed rats which are at a reduced mammary cancer risk (6) . These changes were observed at the time when the mammary gland is most susceptible for malignant transformation. However, before puberty onset, the association between early life E2 exposures and mammary gland CAV1 expression was reversed: increased CAV1 expression was observed in the mammary glands of 3-week-old rats exposed to E2 in utero, whereas reduced CAV1 expression was observed in the prepubertally E2 exposed rats. These findings suggest that although changes in gene expression, induced by early life E2 exposures, are observed before puberty, onset of ovarian estrogen production at puberty can further modify the expression of certain genes and perhaps determine the longterm gene expression patterns. It should be noted that we have determined plasma levels of estrogen in female Sprague-Dawley rats in similar studies before, and the serum E2 levels during week 8 were not significantly different between the rats exposed to vehicle (67.4"7.4 pg/mL, ns4) or E2 (74.4"7.4 pg/mL, ns4) during the prepubertal period (6) . In addition, E2 levels have been measured in adult rats exposed to either 20 ng (7) or 10 mg (B. Yu et al., unpublished data) E2 in utero and no significant differences compared to control animals were found. Therefore, we did not repeat these studies here.
In utero exposure to E2 increases the number of TEBs (7), i.e., targets for carcinogen-induced malignant transformation (39) . Similar structures, terminal ductal lobular units, give rise to 90% of human breast cancer (40) . Prepubertal E2 exposure, by contrast, reduces the number of TEBs (6). Here we show that E2 exposures alter cell proliferation and the rate of apoptosis in the mammary epithelium, particularly in the TEBs. Following the in utero E2 exposure, all mammary epithelial structures expressed significantly lower number of apoptotic cells than the controls. In contrast, the number of proliferating cells was increased in the TEBs of these rats. Opposing changes were observed in the mammary epithelial structures of rats exposed to E2 during prepuberty. Because CAV1 increases during cell differentiation (41) , and loss of CAV1 is associated with increased epithelial proliferation (38) , it is possible that the reduced CAV1 expression in the rats treated with E2 in utero and the increased expression in rats exposed to E2 during prepuberty correlate with the reduced and increased differentiation of the mammary epithelial tree, respectively. The differential activation of ErbB2, Src and Akt in the rats treated in utero or during prepuberty with E2 could reflect changes in cell proliferation and differentiation mediated by CAV1.
CAV1 regulates the function of several genes that have been linked to increased breast cancer risk, including ERa and cyclin D1 (13, 27, 42) . ERa and cyclin D1 expression levels are correlated with increased risk of developing breast cancer (43) . CAV1 interacts with ERa at the plasma membrane in breast epithelial cells (33) and downregulation of CAV1 is one of the mechanisms by which membrane ERa expression is thought to be activated during initiation of breast tumorigenesis (13) . Cyclin D1 is a key target in E2 signaling and inhibition of cyclin D1 function inhibits proliferation in breast cancer cells (44) . Cyclin D1 is transcriptionally reduced by CAV1 leading to inhibition of transformation (27) . We have previously noted that prepubertal E2 exposure reduces the expression of ERa, but the reduction was significant only in older rats (16 and 22 weeks of age) (6) : in the present study we determined ERa levels at the ages of 21 and 50 days. Our data suggest that, in addition to the reduction in CAV1 expression in the 8-week-old rats exposed to E2 in utero, ERa levels were increased in their mammary glands. In the mammary glands of prepubertally E2 exposed rats, where CAV1 expression was increased (Figure 2B) , cyclin D1 levels were reduced. It is not clear why both ERa and cyclin D1 were not affected simultaneously.
CAV1 regulates mitogenic pathways in breast carcinogenesis such as those mediated by Src, Akt, ErbB2 and ERK1/ 2 (28) . Most of this research has been done in vitro in cell culture systems. Our data show that E2 exposures at crucial developmental stages not only modulate CAV1 expression but also alter the phosphorylation/activation of ErbB2, Src, Akt and ERK1/2. ErbB2, a tyrosine kinase, belonging to a family of growth factor receptors, is overexpressed in 20-30% of human breast cancers (45) . ErbB2 has been localized within caveolae (19) , where it is regulated by CAV1 (46) . The oncogenic potential of ErBb2 depends on this autophosphorylation (47) and one such site is on tyrosine 1139 (48) . Src interacts with, and is regulated by, CAV1 within caveolae (32, 49) through its scaffolding domain (20) . Moreover, Src interacts with ErbB2 and increases tyrosine phosphorylation of its non-autophosphorylation sites (50) . CAV1 at the plasma membrane is involved in E2 induced non-genomic signaling involving ERK1/2 and Akt (29) . Phosphorylation of ErbB2, Src and Akt were significantly reduced, and CAV1 expression was significantly increased in rats, which were exposed to E2 prepubertally compared to control animals. Because rats exposed to E2 during prepuberty display reduced susceptibility to carcinogen-induced breast tumors (6), increased expression of CAV1 and decreased activation of ErbB2, Src and Akt could play a role protecting the breast from malignant transformation by negatively regulating phosphorylation of these proteins.
Although it is becoming increasingly evident that early life hormonal environment can determine later susceptibility to breast cancer (51), the mechanisms remain unknown. In this study, we show that CAV1 was differentially expressed in the rat mammary gland in response to early life estradiol exposures that either increase or reduce later breast cancer risk: the levels were reduced following in utero exposure and increased following prepubertal exposure, when measured after puberty onset, supporting the role of CAV1 as a regulator of breast tumorigenesis. In addition, putative downstream targets of CAV1, such as Src, ErbB2, Akt and ERK1/2, were affected. Thus, CAV1 could be an essential component of signaling cascades that are associated with cell proliferation, differentiation and transformation, and an essential biomarker that can assist in determining susceptibility to breast cancer.
